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Abstract

Tungsten trioxide nanowires of a high aspect ratio have been synthesized in-situ in a TEM under an
electron beam of current density 14A/cm? due to a massive polymorphic reaction. Sol-gel processed
pseudocubic phase nanocrystals of tungsten trioxide were seen to rapidly transform to one dimensional
monoclinic phase configurations, and this reaction was independent of the substrate on which the
material was deposited. The mechanism of the self-catalyzed polymorphic transition and accompanying
radical shape change is a typical characteristic of metastable to stable phase transformations in
nanostructured polymorphic metal oxides. A heuristic model is used to confirm the metastable to stable
growth mechanism. The findings are important to the control electron beam deposition of nanowires for

functional applications starting from colloidal precursors.
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Introduction

Nanowires of semiconducting materials are nanostructures with high-aspect ratio, enormous
surface area, and controlled crystallographic orientation that make them ideal for applications in sensing
in a breath diagnostic tool’, catalysis, and nano-electronics devices®>. Such nanostructures have been
widely considered in the literature since the early report of single crystal silicon by a vapor-liquid solid
technique® and single crystal semiconducting nanowires have been synthesized by pulsed-laser

ablation®. Monocrystalline nanowires of metal oxides (WOs;, MoOs;, CuO etc) have been produced



through various routes, from thermal oxidation of a metal mesh, to template-assisted blend
electrospining, to colloidal synthesis of oxides®®. WO; nanowires, in particular, have also been
synthesized from growth directly from tungsten substrate’® or by thermal heating of a tungsten plate™.
Non-aqueous preparation of crystalline tungsten oxide nanowires has been carried out using a tungsten

I*2. Nevertheless, there has been no direct observation of WO;

isopropoxide precursor in benzyl alcoho
nanowire growth in-situ and solely from solid oxide precursors until now, and thus the nature of the

spontaneous transition of oxide nanocrystals to nanowires under the influence of an electron beam is

being addressed here.

The focus of this article is the instantaneous growth of highly aligned nanowires of the monoclinic
polymorph from metastable phase sol-gel nanoparticle precursors. The morphological transformation is
a rapid manifestation of a self-catalytic phase reaction occurring in vacuum. The reaction appears to be
self-catalyzed due to the instability of the metastable phase nanoparticles under the influence of the
beam. It is shown that the nanoparticles due to the electron energy of the beam become wire-like
growing into highly aligned periodic crystalline structures. This finding has important implications for
achieving scalable and controlled nanowire synthesis.

Pseudocubic WOj3 precursor phase

The WO; nanoparticles were synthesized using a sol-gel route. Tungsten Isopropoxide (5% w/v in
Isopropanol, Alfa Aesar) was used in equal quantities with, ethanol and acetic acid (to control pH) to
synthesize the sol. The mixture was ultrasonicated and aged for 24 hours, upon which white precipitates
were observed, indicating the completion of hydrolysis. The synthesized nanoparticles were
subsequently dried in air and this resulted in a brownish powder. Finally the powder was heat-treated at
350°C in a tube furnace for 8 hours resulting in a yellowish powder. This resulted is the formation of a

metastable pseudocubic phase which has been observed earlier using similar synthesis technique®.



Upon continuing the heat treatment, the particles were seen to transform to the stable orthorhombic

phase between 500° and 550° Celsius.

30004 (c) mi7e2

£ 2000 -
c
=)
Q
O
18209317
]
1636%R
1409
1000 -
T T T T T T T T 1
200 400 600 800 1000
Wave Number (cm™)
1400 4 (d)
1 m Cubic (41-0905)

1200 4 m Triclinic(20-1323)

1000 -
= BO0 =
[r]
=
(=1}
E

Theta

Figure 1: (a) Low magnification SEM image of sol-gel synthesized nanoparticles of tungsten
trioxide annealed at 350C, (b) shows the higher magnification SEM image with uniformly
distributed particle size. (c¢) Shows the Raman spectra of the nanoparticles, the bands
observed are marked. (d) Shows the XRD of the nanoparticles.

SEM was done on a JEOL 7600F analytical high resolution SEM. The images in Figure 1 (a) and (b)
show a uniform distribution of nanoparticles of radii 30-40nm. Crystalline size calculated from XRD using
Scherrer equation gives a value of roughly 38.5nm. A preliminary analysis by looking at the nanoparticles
points to the observation that there is no multiphase distribution. Figure 1 (c) shows the Raman spectra
of the annealed nanoparticles. Raman studies were performed on a Witec Alpha combination near field

optical and raman microscope. The W-O-W stretching mode that is the characteristic of the WOg



octahedra can be observed at 792cm™, although with a slight shift. The peaks between 740cm™ and
980cm™ point to the presence of distorted octahedral’. The broad band observed in the spectra
between starting about 150 to 400 can be ascribed to the cubic phase®*. Similarly a broad instead of
sharper peaks between 600cm™ and 850cm™ can also be ascribed to the cubic phase*. The triclinic
phase shows peaks® between 240cm™ and 270cm™ in addition to one at 324cm™, although this is not
sufficient to distinguish it from the monoclinic phase. Figure 1 (c) shows the XRD of the nanoparticles
annealed at 350°C. XRD was performed on a Rigaku Ultima Il X-Ray diffractometer. All the peaks of the
cubic phase, JCPDS card #41-0905, can be identified, although many peaks of triclinic phase can also be
identified. This points to distortions in the crystal, which can also be confirmed by the SAD pattern
shown in figure 2(Right) where we can observe the presence of other dimmer rings in addition to the
rings corresponding to the (100); (110); (210) planes of the metastable cubic phase of tungsten trioxide.

The nanoparticles of cubic tungsten trioxide are shown in figure 2(Left), were characterized under a JEOL

JEM-1400 analytical TEM.

Figure 2 (Left): TEM micrograph of the cubic nanoparticles of Tungsten trioxide, (Right) SAD
pattern, brighter rings can be indexed to (100); (110); (210) planes of the cubic phase.



Spontaneous growth of monoclinic WO5; nanowires under electron beam irradiation
The prepared nanoparticles were drop coated onto a TEM grid consisting of a Formvar

supporting film (200 Mesh Copper grids with support films, TED PELLA Inc.). Formvar is a family of
polymers formed from polyvinyl alcohol and formaldehyde as copolymers with polyvinyl acetate', they
are non-reactive class of compounds'® and additionally have a NFPA 704 reactivity rating of 0. The
formvar film was intact after the growth and EDS analysis (attached in the supplemental material, figure
S1) showed no carbon on the nanowires (very small atomic percentages (small peak) is observed, which
can be attributed to the presence of supporting film in the vicinity, similarly the copper peak is due to
the copper mesh of the TEM grid). To completely rule out the possibility of the transformation being
affected by the presence of carbon on the support film, the nanowire growth was carried on a grid
containing Silicon Nitride as support film, the nanowires grew similar to the formvar support film. Figure
3 (Left) and (Right) images shows the SEM of nanowires grown on Silicon Nitride support film and TEM

of nanowires grown on the Formvar support film.

Nanowires grown on Silicone Nitride support films Nanowires grown on Formvar support films

Figure 3: (Left) TEM of nanowires grown on a Silicon Nitride support film, (Right) TEM of
nanowires grown on formvar support film on a Copper mesh grid.



A 120kV soft/bio materials analytical transmission electron microscope (JEOL JEM-1400) was
used to grow the nanowires in-situ. The beam was spread initially while observing the nanoparticles and
it was then slowly converged on the sample, the pseudocubic phase of the nanoparticles
instantaneously grew into highly aligned nanowires (Figure 3) due to the energy imparted by the
electron beam. Such an energy can be calculated. A 120keV electron beam was used for the nanowire
growth. The JEOL JEM1400 TEM uses a LaBg filament as the electron source which gives a current
density of 14A/cm? on the specimen when using a 0.8mrad illuminating aperture®’. This current density
can be converted to energy density using the power formula of current times voltage, which gives a
value of 1680 joules/cm? for 1 second at 120kV accelerating voltage. For 5000X magnification, a focused
electron beam of 120kV would provide 76keV of energy at the surface of an average 40nm grain size

nanoparticle for about half a microsecond to instantly transform it to a monoclinic phase nanowire.
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Figure 4: (Left) Typical Electron diffraction pattern taken from a region with high concentration of
nanowires. (Right) Schematic of crystal structure of the monoclinic phase, with the preferred
growth direction, the distortions have been exaggerated to serve the purpose of illustration.



The high concentration of nanowires causes a distinct diffraction pattern at high magnification,
the diffraction pattern can be made into a ring pattern by reducing the magnification and taking a larger
sample area into focus, figure 4(left). The rings correspond to lattice planes (002), (200), (220), (212),
(131), (004), (141), (332), in Figure 4(left), of the monoclinic y-WO; (JCPDS #43-1035). A ReO; type

corner sharing octahedral forms the basic building block of all phases of tungsten trioxide. The crystal

lattice symmetry of monoclinic WO is a distorted rhenium oxide cubic configuration, figure 4(Right).

Figure 5: (Left) Highly aligned nanowirs, showing the <001> growth direction along the long
axis; (Right) Corresponding diffraction pattern.

The nanowires grow in to highly aligned crystals, figure 5(Left) along the <001> direction, with
the corresponding SAD pattern is shown in figure 5(Right). The high resolution TEM was carried out on
JEOL 2100F Field Emission Lorentz TEM. The micrograph in figure 6 along with the SAD pattern in figure
6(Inset) gives a more detailed picture of the crystal structure. The spacing of 0.383nm and 0.33nm
correspond to the (002) and (120) planes of the monoclinic phase of tungsten trioxide (JCPDS #43-1035).

Growth direction of <001> perpendicular to the (002) plane is along the long axis of the nanowires.



Figure 6: High resolution TEM of the structure of the nanowires; (Inset) SAD pattern from
individual nanowire.

Mechanism for growth
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Figure 7: Schematic describing the growth of monoclinic tungsten trioxide nanowires from
nanoparticles of pseudocubic phase in a stepwise fashion. Step 1 shows the starting
nanoparticles which have a radius of between 30 to 40nm. As an electron beam is shown onto
these nanoparticles the particles start to grow into nanowires as shown in step 2. As the
nanoparticles get consumed they start to coagulate and grow into nanowires. Step 3 shows
how these nanoparticles grow from preferred direction to form randomly oriented nanowires
before being totally consumed and forming highly aligned nanowires of tungsten trioxide as
shown in step 4. The whole process may take a few micro seconds to complete once the
nanoparticles receive the required amount of energy.

It is interesting to note that an apparent transition from a metastable (pseudocubic) to a stable
(monoclinic) polymorph has driven the nanowire growth. The DSC data (Figure S2 in supplemental
material) which shows no weight loss for the heat treated sol-gel sample further supports this claim, and
this is also apparent by comparing the DSC data of the before heat treatment (Figure S3 in supplemental
material) and after heat treatment (Figure S2 in supplemental material). The data also supports the
absence of any hydroxyl groups or interfering carbon impurities in the starting material. The mechanism
of massive nucleation and growth above a critical particle size of metastable phase has been previously

established™®. Experimentally such transformations have been observed in titania by Gouma et al.**%

as
did the nanowire formation observed for the orthorhombic phase of MoO5® system. Earlier work has
also produced monocrystalline WO; nanowires™. The nucleation and growth of the stable phase can
either occur randomly throughout the crystal by doing so at specific defects or crystal edges or such a
growth can occur in a diffusive manner like a front moving forward at a fast rate. In the growth of
nanowires in this study, it appears that phase change occurs rapidly by a moving front that results in a
massive grain growth and radical shape change. The metastable phase particles on the path of the
moving front are consumed and transformed, as shown in figure 7. As the nanowire growth proceeds
the nanoparticles coalesce and get consumed which this gives rise to very long thin nanowires. The

formed nanowires are one-dimensional structures which potentially grow as this front rapidly grows out

of the pseudocubic phase into the preferred <001> monoclinic direction. The rel-rod type diffraction



pattern observed, figure 5(Right) and figure 6(Inset) lend credibility to this argument®’. A cubic to
monoclinic phase transition has been previously observed in nanoparticles of ReO3 which is an
isostructural material to WO;*. A very large volume change is associated with such a transition which is
analogous to the change observed in this study. Considering an average particle size of 40nm cubic
phase, and an average 20nm radii and half a micron length nanowire, there is a 1000 fold increase in the
volume during this transition. Additionally a lowering of external perturbation required (pressure in that
case) was also reported to be much lower than that required for the bulk ReOs. There has been no direct
observation of cubic to monoclinic phase transformation in tungsten trioxide nanocrystals, which maybe
due to the high energies involved in the transformation in the bulk phase. Although a cubic to
orthorhombic phase transformation has been observed®, as both orthorhombic and monoclinic phase
of tungsten trioxide are stable polymorphic structures.
Thermodynamic mechanism for metastable to stable phase transition

By exploring the theoretical mechanism which governs the metastable to stable phase
transitions in nanocrystalline materials'® we can further explain the growth of stable phase nanowires.
The thermodynamic data for a psuedocubic phase was unavailable, thus that of cubic is used. The free
energy of a nanoparticles system (AG"*(T,r)) or a nanowire system (AG""(T,r)) depends on three factors,
surface free energy (AGs(T,r)), surface stress (AGp(T,r)), and free energy due to particle shape (AGg(T,r)),

as discussed in previously published work by the authors®®. Thus,

AG™(Tr) = AG™(T,r) + AGs(T,r) + AGp(T,r) + AGe(T,r) (1)

AG™(T,r) = Ap.y + Pin.V + 0. AT H:.(A/V) (2)

Where, y is the surface energy/tension which is different from f, which is the surface stress, Am

is the molar area, P, is the internal pressure, V is the molar volume, a is a shape constant and A™H; is
the enthalpy of formation of the bulk phase.
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Table 1: Contributions from the three main factors influencing the nanowire growth.

Nanoparticle/Nanosphere Nanowire/Nanocylinder
AGs(T,r) (4.mrd)y (2.m.r? + 2.1ur.h).y [Appendix A]
AGH(T,r) (2.f./r). (4.10.r*/3) [(1/h + 1/m.r).2.f].(m.rh)
AGg(Tr) a.AH/2.r a.A%H¢.(2/h + 2/r) [Appendix B]

Therefore, the free energy for the nanowire (AGNW(T,F)) and nanoparticles (AGNS(TA’)), systems

can be given by,
AGM(Tr) = (41ur?)y + (2.6/r). (4.7r/3) + A H/2.r (3)

AGM(Tr) = (2ur? + 2rh)y + [(1/h + 1/m0r). 2.8 (2 h) + @A H(2/h + 2/1) (4)

Table 2: Data accumulated from the literature, and the free energy calculations

Observed Nanowire radius 20nm
Predicted Nanowire length 560nm
Average nanoparticle radius 40nm
Vmonoclinic 0.625 J/m* *!
Veubic 1.67 J/m? for (001) plane®®
A% H cusic -6.69 X 10" ) %’; (Appendix C)

A% He (monociinie) -2.67 * 10 J (Appendix C)

fs(monoclinic) 2.5 J/m2(2Vm)

fs(cubic) 3.34 J/mz (2 Vc)
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a 2nm?®

AGM(T,r) 384.04 KeV

AGMY(Tr) 456.709 KeV

Table 2 tabulates all the values substituted and the results for the free energy. It can be seen
that the free energy values for nanowires is greater than for nanoparticles. Thus for the transformation
to occur an external source with the energy equivalent to the difference in the free energy of nanowire
and nanoparticle is necessary for the growth to occur. AGNW(T,r) - AGNS(T,r) = 72.671 KeV. Thus from
equation, AE = 72.671 KeV, which is in range of the energy provided (76keV) by the electron beam at the

surface of an average size nanoparticle.
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Figure 8: Graph plotting the free energy for cubic and monoclinic phase due to particle size, and
overlay is the difference in the free energies for cubic nanoparticles and monoclinic nanowires
as a function of the aspect ratio of the nanowires keeping the radius of nanowires constant at
the observed values 20nm.

Figure 8, plots two overlaying graphs which give two different conclusion, first, the free energies
inherent for cubic phase is plotted as a function of its particle radii, we may conclude that as the graph
goes asymptotic for the particle size higher than 100nm, the cubic phase should be a metastable bulk

phase which this is consistent. The monoclinic phase is more stable as the free energies are lower for

higher particle size. Secondly, the AGNW(T,r) - AGNS(T,r) values for differing nanoparticle radius and the
observed average nanowire radius of 20nm for varying aspect ratio is plotted, we earlier showed that
the particle size distribution, figure 1(a, b) for precursor phase was between 30nm to 40nm, and the fact
that there starts to be significant deviation in the free energies of nanoparticles of cubic and monoclinic
phases at these particle sizes, this is consistent with the observations. We may conclude from this
overlaying plot that the area of the graph between the free energy value of 80 to 120kv and the
nanoparticle size of 30 to 40nm which gives us the expected aspect ratios of the nanowires which is

from 12 to 16, is consistent with observed values of nanowire length (480nm to 640nm), figure 3.

We have demonstrated for the first time that tungsten trioxide nanowires of monoclinic phase
can be grown as an apparent self-catalyzed reaction without any chemical reaction. The presence of
metastable phase and a sufficiently large external perturbation is enough to drive the polymorphic

reaction and shape change to nanowires on an inert surface in high vacuum conditions.

Appendix A: Internal pressure calculations
For the internal pressure calculations for cylindrical surfaces, the spherical liquid droplet should

be replaced with a cylindrical surface.
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Figure 9: A liquid droplet with radius ‘r’, a hypothetical cylindrical droplet with radius ‘r’ and height ‘h’.

Instead of a half sphere, we have a half cylinder as the droplet, thus, modifying laplace-young

equation,
AP;,.A = (edge length).(surface tension) (5)
APy (rr.h)/2 = (mr + h).f; (6)
APy, = (1/h + 1/m.r).2.f, (7)

Appendix B: Free energy due to particle shape calculations

Due to lack of literature data on the value of a, we will consider it similar for both cylindrical and
spherical particles, but the 1/r term which stems from the Area/Volume term is altered for considering

the cylindrical shape of the nanowires. Thus, for cylindrical particle shape.

AGg(T,r) = a.A™H.(A/V) = .A™He.(2/h + 2/r) (8)

Appendix C: Number of molecules in average particle and enthalpy of formation calculations

The volume of single unit cell of cubic tungsten trioxide, can be calculated using the lattice
constants given in the JCPDS file #41-0905, which comes out to be 5.12 X 10?° m*. Number of molecules

in an average spherical particle of 40nm radius is given by,

Volume of spherical particle/volume of single unit cell=  5.23 X 10° (9)

14



As™He (cubie) = - 77.2 KI/mol? = - 6.69 X 10™ ) / 5.23 X 10° particles (10)

Similarly, the volume of single unit cell of monoclinc tungsten trioxide, can be calculated using
the lattice constants given in the JCPDS file #43-1035, which comes out to be 2.11 X 10 m®. Number of

molecules in an average cylindrical particle of 20nm radius and 560nm length is given by,

Volume of cylindrical particle/volume of single unit cell = 3.33 X 10° (112)

As™Ht (monociinic) = -192.65 KJ/mol = -2.67 * 10™J / 3.33*10° particles (12)
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Figure S1: EDS spectra from the nanowires showing the presence of tungsten and oxygen from
the nanowires and copper and carbon come from the TEM grid.
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